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Abstract. We generalize the formalism for DM capture in celestial bodies to account
for arbitrary mediator mass, and update the existing and projected astrophysical con-
straints on DM-nucleon scattering cross section from observations of neutron stars.
We show that the astrophysical constraints on the DM-nucleon interaction strength,
that were thought to be the most stringent, drastically weaken for light mediators
and can be completely voided. For asymmetric DM, existing astrophysical constraints
are completely washed out for mediators lighter than 5 MeV, and for annihilating DM
the projected constraints are washed out for mediators lighter than 0.25 MeV. Related
terrestrial direct detection bounds also weaken, but in a complementary fashion; they
supersede the astrophysical capture bounds for small or large DM mass, respectively for
asymmetric or annihilating DM. Repulsive self-interactions of DM have an insignificant
impact on the total capture rate, but a significant impact on the black hole formation
criterion. This further weakens the constraints on DM-nucleon interaction strength for
asymmetric self-repelling DM, whereas constraints remain unaltered for annihilating
self-repelling DM. We use the correct Hawking evaporation rate of the newly formed
black hole, that was approximated as a blackbody in previous studies, and show that,
despite a more extensive alleviation of collapse as a result, the observation of a neutron
star collapse can probe a wide range of DM self-interaction strengths.
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1 Introduction
Recent precise measurements of the cosmic microwave background anisotropies by
Planck [1] has confirmed with a high degree of certainty about the existence of cold
dark matter as a dominant component of the universe. However, very little is known
about the fundamental properties of such dark matter (DM) particles, e.g., their
mass, spin, and their strength of interaction with baryonic matter, as well as amongst
themselves. A theoretically well-motivated candidate for dark matter is a Weakly-
Interacting-Massive-Particle (WIMP). In a large class of models, a WIMP with mass
ranging in the sub-GeV to several-hundred-TeV range can suitably freeze-out to satisfy
the relic density of dark matter observed today [2, 3]. Thus, in order to directly observe
such WIMP-like particles in nature, several terrestrial experiments have been set up.
Despite decades of dedicated efforts to hunt these elusive particles, the experiments
have only yielded null results. Therefore, non-observation of dark matter signals from
these searches have severely constrained the allowed masses and interaction strengths
of such particles [4–12]. Apart from these terrestrial searches, several complementary
cosmological and astrophysical probes have yet to reveal the nature of dark matter
particles [13–31]. Nevertheless, these WIMP-like models remain the best motivated
and most eminently testable, and yet incompletely tested.
Prominent among astrophysical searches, are those for anomalous signatures of
DM particles captured inside celestial objects. DM particles from the surrounding
halo can collide with the stellar constituents, lose a sufficient amount of energy, and
get trapped inside the stellar core after one or more scatterings [32–36]. WIMP-like
DM particles, that are purely asymmetric, do not annihilate away due to the dearth
of antiparticles, allowing a runaway accumulation inside the stellar body. Gradual
accretion of such asymmetric DM particles inside a stellar object can result in the
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formation of a black hole and in due time the newly formed black hole can even destroy
the stellar object. Upper limits on the DM-nucleon scattering cross section can thus
be obtained from the mere existence of such objects today [37–53]. Alternatively, the
collapse of a black hole may spark a supernova, resulting in the destruction of the star,
which is also constrained [54–57]. On the other hand, dark matter particles that are
allowed to annihilate among themselves can lead to heating of the stellar core, thereby,
affecting its observed luminosity. Apart from this, DM particles can also kinetically
heat up a celestial object by depositing the excess kinetic energy gained during its
gravitational capture. Such complementary limits on DM-nucleon interaction strengths
have been derived from observations of cold neutron stars [21, 35, 40, 58–64] and white
dwarfs [36, 39, 65, 66]. However, owing at least partly to the lack of an appropriate
formalism, all these studies have only considered DM-nucleon scattering mediated by
a relatively massive mediator.
In addition to the searches for these WIMP-like particles, there are a few anomalies
associated with the small scale structures of the universe, that may require new physics
beyond the standard ΛCDM cosmology. A widely discussed solution to these small
scale anomalies is to introduce strong self-interactions among the DM particles medi-
ated by lighter mediators [67–76], roughly at the level of σχχ/mχ ∼ (0.1−1) cm2 /g. DM
self scattering cross section per unit mass, σχχ/mχ, is however constrained, e.g., from
the measurement of the size of offset between the DM halo and that of the baryonic mat-
ter in colliding galaxy clusters [77–81]. The most frequently quoted among these upper
limits is the one obtained from the Bullet Cluster which states σχχ/mχ . 1 cm2 /g.
These two requirements are in tension, that may be resolved if one appeals to a light
mediator that allows a velocity dependent cross section that is large in galaxies but
small for cluster collisions.
Astrophysical probes such as gravitational collapse of captured DM particles inside
a stellar object can also be used to determine DM self-interaction strength. Given
nonzero self-interaction among the DM particles, an incoming dark matter particle can
also collide with previously captured dark matter particles inside the stellar core. This
additional contribution is known as the self-capture of DM particles. The accretion
of DM particles with non negligible self-interaction and its related phenomenology is
extensively studied in [43, 44, 62, 82–88]. For gravitational collapse, the total number of
captured DM particles has to exceed the number of DM particles required for black hole
formation. For strong repulsive self-interactions, the number of dark matter particles
required for a successful collapse of the star is quite large. On the other hand, due
to the enormous baryonic density of compact objects, the contribution to the total
number of captured dark matter particles from self-capture is negligible as compared
to that from the baryonic capture. Hence, it is not possible to constrain strongly self
interacting dark matters using such accretion scenarios. However one can probe very
feeble self-interactions using gravitational collapse of captured dark matter particle
and thereby place constraints which are complementary to those obtained from the
observations of colliding galaxies. Thus, although DM self-interactions best motivated
with a light mediator, such light mediators have not been consistently included in
previous studies.
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In this paper, we calculate the capture rate of dark matter particles that are
gravitationally attracted towards a stellar object for interactions mediated by light
mediators. A key quantity in the calculation is the dependence of the fractional loss
in kinetic energy of the incoming particle, with the scattering angle. We find that it
is intimately related to the differential cross section of DM-target scattering. The dis-
tribution of the scattering angle is uniform only for isotropic differential cross section.
This happens when the mass of the particle mediating the interaction is much larger
than the corresponding momentum transfer. However, in general, the differential cross
section may involve lighter mediators and the distribution is not guaranteed to be
uniform. We use the general form of energy loss distribution to estimate the baryonic
and self-capture rate for DM interactions mediated by a Yukawa potential. We apply
our general treatment to update the existing and projected astrophysical constraints
on DM-nucleon scattering cross section for both annihilating and asymmetric DM. We
find that these constraints depend sensitively on mediator mass, weaken appreciably
for light mediators, and can be completely washed out for sufficiently light mediators.
We show that inclusion of repulsive self-interactions among the DM particles further
enfeeble the constraints on DM-nucleon interaction strength for asymmetric DM. How-
ever, for annihilating DM, constraints obtained from dark heating, remain unaltered
with inclusion of DM self-interactions due to its insignificant contribution to the to-
tal capture rate. We also show that gravitational collapse of captured DM particles
acts as an astrophysical probe of DM self scattering cross section and the constraints
from gravitational collapse are complementary to the upper limits obtained from dwarf
galaxies and galaxy clusters.
The paper is structured as follows: In Sec. 2, we have generalized the treatment
of DM capture in celestial objects for arbitrary mediator mass, followed by Sec. 3
discussing about our results. We summarize and conclude in Sec. 4.
2 DM capture for arbitrary mediator mass
2.1 Derivation of energy loss distribution
For DM-nucleon interaction via a Yukawa potential,
V =
α
r
e−mφr , (2.1)
where α parametrizes the interaction strength and mφ denotes the mediator mass, the
differential scattering cross section in non-relativistic Born approximation is given by
dσ
dΩCM
=
4µ2α2(
4µ2v2rel sin
2(θCM/2) +m2φ
)2 . (2.2)
Here µ is the reduced mass of the system, vrel is the relative velocity between DM
and nucleon made dimensionless in units of the speed of light, and θCM denotes the
scattering angle in the center of mass frame. The fractional loss in kinetic energy in
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Figure 1: DM-nucleon scattering is schematically illustrated in the rest frame of
nucleon (left) as well as in the center of mass frame (right). The recoil angle in the rest
frame of nucleon is denoted as θ and the scattering angle in the center of mass frame
as θCM. The probability distribution function of either of these angles determines the
energy loss distribution.
DM-nucleon scattering, as shown in Fig. 1, is given by
∆E
E
=
4mχmn
(mχ +mn)2
z = βz , (2.3)
where mχ, mn are the mass of DM and nucleon respectively. The scattering kinematics
determines z = cos2 θ = sin2(θCM/2), with z ∈ [0,1].
The energy loss distribution s(z), a key quantity to estimate the capture rate
precisely, is determined by the distribution of ΩCM, which is in turn dictated by the
differential scattering cross section of the relevant scattering process,
s(ΩCM) =
1
σ
dσ
dΩCM
=
1
4pi
s(z) . (2.4)
For DM-nucleon scattering via a Yukawa potential, to consider a widely applicable
example, the energy loss distribution s(z) is given by
s(z) =
m2φ
(
4µ2v2rel +m
2
φ
)(
4µ2v2relz +m
2
φ
)2 . (2.5)
For DM self scattering via a Yukawa potential, the reduced mass µ = mχ/2, and energy
loss distribution sself(z) simplifies to
sself(z) =
m2φ
(
m2χv
2
rel +m
2
φ
)(
m2χv
2
relz +m
2
φ
)2 . (2.6)
In the limit mφ → ∞, we recover the familiar expressions for uniform distribution,
s(z) = 1 and sself(z) = 1, which have been used extensively in the previous treatments.
Variation of s(z) with mediator mass is shown in Fig. 2 for DM-nucleon interaction
mediated via a Yukawa potential. From Fig. 2 it is evident that the assumption of
uniformity in energy loss distribution, i.e., s(z) = 1, is a poor approximation when the
mediator is lighter than either of the scattering particles.
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Figure 2: Energy loss distribution, s(z), with z for three representative values of
mφ/2µ. When the mediator is lighter than the reduced mass, the deviation from
uniform energy loss distribution becomes significant.
2.2 Analytical formula for the capture rate
Far away from the stellar body, the dark matter particle has a velocity u and when it
reaches the surface of the stellar body, its velocity becomes w, given by
w2 = u2 + v2esc . (2.7)
It undergoes one or more scatterings as it transits through the stellar object. As a
result of these collisions with essentially static stellar constituents, the incoming dark
matter particle can lose energy. If eventually its final velocity vf becomes less than
the escape velocity vesc of the stellar object, it is considered to be captured. Capture
of a dark matter particle can occur via a single or multiple scatterings with stellar
constituents [35, 36, 89]. In this work, we assume that the dark matter particle is
captured after a single scattering. This is reasonable, because, for dark matter particles
which are lighter than a few 100 TeV, capture almost always occurs after a single
scattering [36]. Once the DM particle gets captured, it loses more and more energy via
scattering with the nucleons. As a consequence its velocity keeps decreasing, until it
attains thermal equilibrium with the stellar constituents and joins an isothermal sphere
of radius rth around the core. This process is known as thermalization of captured DM
particles and the thermalization timescale depends solely on the DM-nucleon scattering
cross section.
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The capture rate of dark matter particles in the stellar body depends on the
number of stellar constituents Nn, scattering cross section σχn, the flux of incoming
dark matter particles, and most importantly on g1(u), the probability of incurring
energy loss in a single collision. Therefore, the capture rate takes the form
C =
ρχ
mχ
∫
f(u)du
u
(u2 + v2esc)Nn Min
[
σχn, σ
sat
χn
]
g1(u) , (2.8)
where σsatχn denotes the geometrical saturation limit of DM-nucleon scattering cross
section,
σsatχn = piR
2/Nn . (2.9)
In the case of DM scattering with nucleons, the effect of Pauli blocking must be taken
into account [42]. Due to Pauli blocking, if the momentum transfer ∆p is less than
the Fermi momentum pF , all the nucleons in the stellar body are not available to
scatter with incoming DM particles. Therefore, the total number of targets Nn and
hence the capture rate should be suppressed by a factor of Pauli blocking efficiency ζ
which is approximated by Min [∆p/pF , 1]. See [52] for an improved treatment of Pauli
blocking efficiency. However, for a neutron star, due to its enormous nucleon density
and very high escape velocity, typical momentum transfer is always greater than Fermi
momentum for DM mass above 1 GeV. Therefore, for DM mass above 1 GeV, Pauli
blocking efficiency ζ becomes unity for DM capture in neutron stars.
In order to estimate the capture rate in Eq. (2.8), the probability of incurring
energy loss g1(u), which is often quoted as capture probability, has to be computed. It
depends on the energy loss distribution, s(z), and is given by
g1(u) =
∫ 1
0
dzΘ (vesc − vf) s(z) , (2.10)
where vf =
√
(u2 + v2esc)(1− zβ) denotes the final velocity of the DM particle. Using
the analytical expression for s(z) from Eq. (2.5), capture probability for DM-nucleon
interaction mediated via a Yukawa potential simplifies to
g1(u) =
m2φ
(
1− 1
β
u2
u2+v2esc
)
(
m2φ +
4µ2u2
βc2
) Θ(vesc
√
β
1− β − u
)
. (2.11)
Note that, in the limit of mφ →∞, we again recover the familiar expression for capture
probability [34]. From this generalized analytical expression of the capture probability,
one can easily estimate the capture rate of DM particles inside a stellar body by
considering a suitable velocity distribution of dark matter particles. See [90, 91] for
a recent treatment of capture rate of DM particles in neutron stars in the contact
interaction approximation.
2.3 Analytical formula for the self-capture rate
In the previous section, we have estimated the baryonic capture rate for DM-nucleon
scattering via a Yukawa potential. If the dark matter particles have appreciable self-
interaction strength, an incoming dark matter particle can also lose its energy by
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colliding with previously captured DM particles within the celestial core. This is
known as self-capture of DM particles. In this section, we estimate the generalized
self-capture rate for DM self-interactions mediated by a Yukawa potential.
For self-capture, the incoming dark matter particle has to lose enough energy so
that its final velocity vf falls below the escape velocity vesc of the stellar body. The
target dark matter particle, on the other hand, gains energy from these collisions but its
final velocity v′f should also remain less than vesc. Therefore, the self-capture probability
is given by
gself1 (u) =
∫ 1
0
dzΘ(vesc − vf) Θ(vesc − v′f) sself(z) , (2.12)
where vf =
√
(u2 + v2esc)(1− z) denotes the final velocity of the incoming DM particle
and v′f =
√
(u2 + v2esc)z denotes the final velocity of the target DM particle.
Using the expression for sself(z) from Eq. (2.6), the generalized self-capture prob-
ability for DM self-interactions mediated by a Yukawa potential simplifies to
gself1 (u) =
m2φ
(
m2φ +m
2
χ
u2+v2esc
c2
)
(
m2φ +m
2
χ
v2esc
c2
) (
m2φ +m
2
χ
u2
c2
) (v2esc − u2v2esc + u2
)
Θ(vesc − u) . (2.13)
Note that, in the limit of mφ →∞, we recover the familiar expression for self-capture
probability [82].
Self-capture rate of dark matter particles in the stellar body depends on the
number of already captured DM particle Nχ, DM self scattering cross section σχχ,
the flux of incoming dark matter particles and most importantly on the probability
of incurring energy loss gself1 (u) which depends on the energy loss distribution. Hence,
the self-capture rate takes the form
Cself =
ρχ
mχ
∫
f(u)du
u
(u2 + v2esc)Nχ Min
[
σχχ, σ
sat
χχ
]
gself1 (u) . (2.14)
Using the analytical expression of the self-capture probability from Eq. (2.13), one
can easily estimate the generalized self-capture rate for a given velocity distribution
of dark matter particles. The self-capture rate depends linearly on the number of
captured dark matter, Nχ, so the number of captured particle due to self-capture grows
exponentially with time. In general, the equation governing the number of captured
DM in presence of self-interaction is given by
dNχ
dt
= C + Cself . (2.15)
However, this exponential growth due to self-capture cuts off when DM self-interaction
strength reaches its geometric saturation value σsatχχ [44, 62], determined by the radius
of the thermalization sphere rth inside the stellar body
Nχσ
sat
χχ = pir
2
th . (2.16)
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Once the number of captured dark matter particles inside the stellar object attains
its saturation value, self-capture rate becomes time-independent, i.e., Nχσχχ → pir2th.
Therefore, after the saturation, number of captured dark matter particles due to self-
interactions grows only linearly with time. Note that, for self-capture of fermionic
DM, the effect of Pauli blocking has to be taken into consideration and hence the self-
capture rate of fermionic DM is additionally suppressed by Pauli blocking efficiency ζ.
However, in case of bosonic DM, there is no such suppression in self-capture rate.
3 Constraining DM interactions using neutron stars
We compute the capture rate of DM particles, inside a neutron star by considering
the velocity distribution of incoming DM particles as Maxwell-Boltzmann with halo
velocity dispersion 220 km/s. We take typical values for neutron star parameters [42],
mass MNS = 1.44M, radius RNS = 10.6 km and the central density ρNS = 1.4× 1015
g/cm3 in this work. We have not considered the effect of multiple scatterings in capture
rate, because, for DM particles lighter than a few 100 TeV, capture almost always
occurs after a single scattering [36].
While considering DM capture rate in a neutron star, two corrections, gravita-
tional blueshift of the initial kinetic energy and general relativistic enhancement of the
number of dark matter particles crossing the stellar surface, have to be considered [35].
For the gravitational blueshift effect, incoming DM particle has a relativistic correc-
tion in kinetic energy ∼ O(v2esc/c2), and it modifies the capture probability. As the
lower limit of the capture probability integral is proportional to v2esc/w
2, this can be
accounted for by substituting
v′esc →
vesc(
1 + 3
4
(
vesc
c
)2)1/2 . (3.1)
For the general relativistic enhancement of the gravitational potential of the stellar
body, the number of dark matter particles which traverse the stellar surface increases.
Therefore, this effect modifies the capture rate by [35, 58]
C → C
1−
(
v′esc
c
)2 . (3.2)
We have explicitly examined that the gravitational blueshift effect can reduce the
capture rate up to ∼ 20%, whereas, the general relativistic correction can enhance the
capture rate by as far as a factor of two.
We have also neglected the contribution from self-capture in the estimation of the
total capture rate. Self-interactions among the DM particles can lead to an additional
contribution to the capture rate. For the not too small values of σχn that we can probe,
baryonic capture always dominates over the self-capture even if we take the maximum
allowed value of the DM self-interaction strength. This can be understood easily,
because in neutron stars, the extremely large nucleon density increases the baryonic
– 8 –
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Figure 3: Number of DM particles captured inside a neutron star is shown with DM
mass, assuming uniform energy loss distribution. In the left panel, DM-nucleon scat-
tering cross section is taken to its largest possible value, i.e., the geometrical saturation
value, 2×10−45 cm2. In the right panel, the scattering cross section is taken to its criti-
cal value, pir2th/Nn, such that self-capture and baryonic capture are equally efficient. In
each plot, the red lines correspond to baryonic capture and the blue lines correspond
to the maximum allowed self-capture. The local DM density around the neutron star
is taken as 0.4 GeV/cm3 and age of the neutron star is taken as 6.69×109 years. The
core temperature of the neutron star is taken as 2.1× 106 K and all the other neutron
star parameters are described in the text. We restrict our study to mχ < 10
6 GeV to
ensure multiple scattering is not relevant.
capture rate and also shrinks the thermalization sphere as rth =
√
9kBTNS/4piGρNSmχ.
Since the self-capture rate scales quadratically with the radius of the thermalization
sphere rth, self-capture rate falls off significantly. However, if the DM-nucleon scat-
tering cross section is extremely small, at some point, self-capture dominates over the
baryonic capture. This is what we call the critical cross section, σcritχn , which is given
by σcritχn ∼ pir2th/Nn. Quantitatively, we can estimate that for a neutron star with core
temperature of 2.1 × 106 K and for DM mass of 100 GeV, this limiting cross section
turns out to be ∼ 2.5× 10−53 cm2. For heavier dark matter, this limiting cross section
further reduces linearly with DM mass, as r2th is inversely proportional to the DM mass.
Of course, thermalization requires σχn to not become smaller than the minimum value
required for thermalization. For mχ & 1 TeV, the critical cross section falls below the
minimum thermalization cross section, and self-capture never exceeds baryonic capture
for even moderately large DM masses.
Total number of captured DM particles due to baryonic and self-interactions is
shown in Fig. 3, for a neutron star with a core temperature of 2.1× 106 K. From Fig. 3,
it is evident that self-capture can contribute significantly to the total capture rate only
when the DM-nucleon interaction strength is lowered past its critical value which is
really small compared to the parameter space of contemporary interest. Note that
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baryonic capture scales as 1/mχ, as the number density of incoming DM particles
is inversely proportional to the DM mass. In the right panel, the additional 1/mχ
suppression in the baryonic capture simply comes from the mass dependence of DM-
nucleon scattering cross section, as σcritχn ∼ 1/mχ. However, number of captured DM
particles due to self-capture always scales as ∼ 1/m2χ, because self-capture rate is
quadratically proportional to the thermalization radius, and r2th scales inversely to
the DM mass, in addition to the 1/mχ suppression from the number density of the
incoming DM particles.
3.1 Annihilation of captured DM & kinetic heating
For annihilating DM, the number of captured dark matter particles inside the stellar
object follows
dNχ
dt
= C − CaN2χ , (3.3)
where, C is the total capture rate and Ca is the annihilation rate. The annihilation
rate is simply given by Ca = 3〈σav〉/4pir3th, where 〈σav〉 denotes the thermally averaged
annihilation cross section of the DM particles.
For annihilating DM, the captured dark matter particles after being thermalized
can annihilate among themselves, which in turn thermalize and heat up the neutron
star. For such heating to be efficient, the annihilation products must have mean free
paths smaller than the size of the star. All Standard Model (SM) final states satisfy
this criterion. Further, within the parameter space of our interest, the thermalization
timescale of captured DM particles, which depends solely on the DM-nucleon scattering
cross section [42, 47], is considerably less than typical age of the neutron star. The
additional dark luminosity Lann is simply given by the total mass capture rate inside
the neutron star, provided that the equilibriation timescale is less than the age of the
neutron star. We have checked that within the parameter space shown in this work,
equilibriation time [35] is extremely small compared to the typical neutron star lifetime
and, as a consequence, dark luminosity simplifies to
Lann = mχCaNχ(tage)
2 = mχC . (3.4)
In addition to the dark luminosity, DM-nucleon scattering can also kinematically
heat up the neutron star. DM particles acquire immense kinetic energies while falling
into the steep gravitational potential of the neutron star, can transfer the kinetic energy
to the nucleons during collisions, and as a consequence can heat up the neutron star.
This is known as dark kinetic heating, Lkin [21, 60]. For the neutron star parameters
used in this work, the dark kinetic heating is given by Lkin ∼ 0.3Lann. Therefore,
a conservative upper limit on DM-nucleon interaction strength, as shown in Fig. 4,
can simply be obtained by requiring that the dark heating not exceed the observed
luminosity
Lann + Lkin ≤ Lobs . (3.5)
In order to put stringent constraints on DM-nucleon interaction strength, observa-
tions of neutron stars with low enough surface temperatures or observations of neutron
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Figure 4: Projected upper limits on DM-nucleon scattering cross section for annihi-
lating DM, obtainable from dark heating of a neutron star with surface temperatures
of 1950 K, shown for different mediator masses. Red shaded regions above the solid red
lines are excluded; lines corresponding to mediator masses of mφ = 1 MeV, mφ = 10
MeV, mφ = 100 MeV, respectively, from left to right. For mφ = 1 GeV, the con-
straint is close to the case with mφ → ∞. Related spin-independent exclusion limits
from the underground detector PandaX-II [8] are shown in the grey shaded regions
above dotted grey lines. For mediators heavier than 100 MeV, exclusion limits from
direct detection experiments are close to those obtained assuming an infinitely massive
mediator. The dashed grey horizontal line corresponds to the geometrical saturation
cross section above which any cross section is essentially equivalent to saturation cross
section and therefore ruled out with same confidence. The local DM density around
the neutron star is taken as 0.4 GeV/cm3 and all the other neutron star parameters
are described in the text. We restrict our study to mχ < 10
6 GeV to ensure multiple
scattering is not relevant. As evident, the dark heating constraints weaken signifi-
cantly with lighter mediators, being washed out for mφ ≤ 0.25 MeV. However, the
astrophysical limits and the terrestrial limits weaken in a complementary fashion.
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Figure 5: Dark heating from annihilation of captured DM particles & kinetic heating
is shown with dark matter mass for a neutron star, σsatχn denotes the geometrical satura-
tion value of DM-nucleon scattering cross section. Dashed black line corresponds to the
luminosity of the neutron star with surface temperature of 1950 K. Green, red, and blue
lines correspond to mediator masses of mφ →∞, mφ = 10 MeV, and mφ = 0.25 MeV
respectively. The local DM density around the neutron star is taken as 0.4 GeV/cm3
and all the other neutron star parameters are described in the text. We restrict our
study to mχ < 10
6 GeV to ensure multiple scattering is not relevant. For mediators
lighter than 0.25 MeV, dark heating can not exceed the observed luminosity. As a
consequence, constraints on DM-nucleon scattering cross section from dark heating
are completely washed out for mediators lighter than 0.25 MeV.
stars in DM rich environments are required. This is because the low surface tempera-
ture Tobs of neutron star significantly reduces the observed luminosity as Lobs ∼ T 4obs,
and the large DM density in DM rich environments increases the dark heating that
is proportional to the local DM density. Right now, even with the coldest observed
neutron star, PSR J2144–3933 [92], dark heating can not competitively probe interest-
ing DM-nucleon scattering cross sections. But, as discussed in [60], radiation from a
neutron star of surface temperature ∼ 1750 K near the Earth can be detected by the
upcoming telescopes, JWST [93], TMT [94], and E-ELT [95]. Possible detection of such
neutron stars with imminent telescope technology, or alternatively detections of neu-
tron stars with surface temperatures ∼ O(104) K in DM rich environments, typically
project extremely stringent constraints on DM-nucleon scattering cross section [35, 60].
However, such strong upper limits entirely rely on the assumption of uniform energy
loss distribution, and weaken significantly with lighter mediators as shown in Fig. 4.
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From Fig. 4, it is also evident that, in the contact interaction approximation, con-
straints from dark heating are significantly stronger than terrestrial direct detection
experiments for heavier DM mass. The reason behind this is also simple; constraints
obtained from dark heating is essentially mass independent in the contact interaction
approximation, whereas, constraints from direct detection experiments weaken pro-
portionally to the DM mass for heavier DM. However, for interactions mediated via
light mediators, the capture probability, and thereby the dark heating, decreases with
lighter mediator.
The upper limits on DM-nucleon interaction strength, as shown in Fig. 4, can
be understood qualitatively. The flux of incoming DM particles scales as 1/mχ, the
capture rate of DM particles is inversely proportional to the DM mass. As a con-
sequence, dark heating becomes independent of DM mass being essentially the total
mass capture rate, explaining the mχ independence of the upper limits. For higher DM
mass, due to the kinematic suppression of a light mediator, the capture rate begins to
scale as ∼ 1/m2χ, and as a consequence, dark heating scales as ∼ 1/mχ, explaining the
departure from mχ independence. Eventually, once the DM-nucleon scattering cross
section reaches the geometrical saturation value the constraints become independent
of σχn, explaining the sharp vertical cutoff. For a general energy loss distribution,
constraints weaken with lighter mediators simply because the cutoff mass decreases as
∼ m2φ, which is evident from the generalized capture probability in Eq. (2.11).
The astrophysical exclusion limits weaken for mediators lighter than 1 GeV as
shown in Fig. 4, in contrast to those from underground detector that weaken for me-
diators lighter than 100 MeV. This has to do with the typical relative velocity in each
case. For underground detectors, the average velocity of the DM particles is O(10−3)
and the typical momentum transfer is in the range of 1-100 MeV for DM mass of
1 GeV- 1 PeV. As a consequence, the contact interaction approximation holds for me-
diators heavier than 100 MeV. For astrophysical constraints, the velocity of the DM
particles is significantly enhanced while falling into the steep gravitational potential
of the neutron star. Thus, the typical momentum transfer is ∼ 1 GeV for DM mass
above 1 GeV, thereby, invalidating the contact interaction approximation for much
higher mediator mass compared to the underground direct detection experiments.
Fig. 5 illustrates why capture constraints on DM-nucleon scattering cross section
of annihilating DM are significantly weakened for light mediators. For mediators lighter
than 0.25 MeV, dark heating can not exceed the observed luminosity as shown in
Fig. 5, resulting a complete washout of the constraints on DM-nucleon scattering cross
section. Observations of neutron stars with surface temperature ofO(104) K in DM rich
environments also project similar constraints on DM-nucleon scattering cross section.
3.2 Accretion of non-annihilating DM
For asymmetric DM, the number of dark matter particles captured inside the stellar
object follows
dNχ
dt
= C . (3.6)
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Therefore, the number of DM particles accumulating inside the neutron star increases
linearly with time. If the total number of captured DM particles inside the neutron star
becomes self-gravitating, collapse ensues and if the zero point energy is not sufficient
to prevent the gravitational collapse, a black hole forms inside the neutron star. So,
the collapse criterion is simply given by [42, 52]
Nχ(tage) ≥ Max
[
N selfχ , N
cha
χ
]
. (3.7)
The black hole formed inside the neutron star, due to the gradual accretion of DM
particles followed by a subsequent collapse, can accrete mass from the host neutron star
and can even completely destroy the host. Therefore, the upper limits on DM-nucleon
interaction strength from gravitational collapse, arise simply from the existence of the
neutron star and are shown in Fig. 6. We have used the observation of a relatively
old neutron star, PSR J0437-4715, in this analysis. The core temperature and age of
PSR J0437-4715 is discussed in [42] and are given by 2.1× 106 K and 6.69 × 109 years
respectively. PSR J0437-4715 is located at a distance of about 139 ± 3 pc from the
solar system and therefore, the local DM density around the neutron star is assumed
as 0.4 GeV/cm3.
The collapse condition in Eq. (3.7) essentially implies that the density of DM
particles within the thermalized sphere has to be larger than the baryonic density
within that volume. In order to satisfy this criterion, DM particles have to obey
ρχ =
mχN
self
χ(
4
3
pir3th
) ≥ ρNS . (3.8)
However, the Chandrasekhar limit, N chaχ , depends on the spin-statistics of DM parti-
cles. For bosonic DM, the zero point energy is supported by the uncertainty principle,
whereas, for fermionic DM, it is supported by the Pauli exclusion principle. See [42]
for a detailed estimation of Chandrasekhar limit for both bosonic and fermionic DM.
In the absence of any repulsive self-interactions among the dark matter particles, the
Chandrasekhar limit for bosonic dark matter, ∼ 1.5 × 1034 (100 GeV/mχ)2, is much
less than that for fermionic dark matter, ∼ 1.8× 1051 (100 GeV/mχ)3. Therefore, it is
obvious that in the absence of any repulsive DM self-interactions, bosonic DM experi-
ences gravitational collapse much more easily than fermionic DM. As a consequence,
the corresponding constraints on DM-nucleon interaction strength from gravitational
collapse are much more stringent for bosonic DM compared to that for fermionic DM.
In this analysis, we will only consider collapse of asymmetric bosonic dark matter.
For asymmetric bosonic DM, we found that within our parameter space of interest,
black hole formation criterion is essentially driven by the self gravitation condition,
i.e., N selfχ ≥ N chaχ , consistent with [42].
The upper limits shown in Fig. 6 can also be qualitatively understood. The total
number of captured DM particles inside the neutron star is proportional 1/mχ, and
in the collapse criterion, Nχ(tage) ≥ Max[N selfχ , N chaχ ], the right hand side is essentially
dominated by self-gravitation, N selfχ , which has a 1/m
5/2
χ dependence. This explains
the 1/m
3/2
χ dependence of the upper limits shown in Fig. 6. When the scattering cross
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Figure 6: Upper limits on DM-nucleon scattering cross section for a bosonic non-
annihilating DM, obtained from existence (i.e., non-collapse) of an old neutron star,
PSR J0437-4715, shown for different mediator masses. Regions above the solid red lines
are excluded. The lines correspond to mediator masses of mφ = 1 GeV, mφ = 100 MeV,
and mφ = 10 MeV, respectively, from left to right. For mφ = 1 GeV, the constraint
is close to the case with mφ → ∞. Related spin-independent exclusion limits from
the underground detector PandaX-II [8] are shown in the grey shaded regions above
dotted grey lines. For mediators heavier than 100 MeV, exclusion limits from direct
detection experiments remain unaltered. The dashed grey horizontal line corresponds
to the geometrical saturation cross section above which any cross section is essentially
equivalent to saturation cross section and therefore ruled out alike. The local DM
density around the neutron star is taken as 0.4 GeV/cm3 as it is 139 ± 3 pc from the
solar system and all the other neutron star parameters are described in the text. We
restrict our study to mχ < 10
6 GeV to ensure multiple scattering is not relevant, but, in
any case, the bounds are cut off beyond mχ & 3×107 GeV. Constraints on DM-nucleon
scattering cross section obtained from gravitational collapse weaken significantly for
lighter mediators, being washed out for mφ ≤ 5 MeV. Terrestrial limits also weaken,
but in a complementary fashion. Astrophysical constraints extend only upto 30 PeV
due to efficient Hawking evaporation.
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Figure 7: Total number of captured DM particles is shown with dark matter mass
for a relatively old neutron star, PSR J0437-4715. σsatχn denotes the geometrical satu-
ration value of DM-nucleon scattering cross section. Dashed black line corresponds to
the number of DM particles required for black hole formation which is simply given
by Max
[
N selfχ , N
cha
χ
]
. Green, red, and blue lines correspond to mediator masses of
mφ →∞, mφ = 10 MeV, and mφ = 5 MeV respectively. The local DM density
around the neutron star is taken as 0.4 GeV/cm3 and all the other neutron star pa-
rameters are described in the text. We restrict our study to mχ < 10
6 GeV to ensure
multiple scattering is not relevant, and, in any case, the bounds are cut off beyond
mχ & 3 × 107 GeV. For mediators lighter than 5 MeV, total number of captured DM
particles cannot exceed the number of DM particles required for black hole formation.
As a consequence, constraints on DM-nucleon scattering cross section from gravita-
tional collapse completely wash out for mediators lighter than 5 MeV.
section reaches its geometrical saturation value, the constraints become independent
of σχn, which explains the sharp vertical cutoff. For lighter mediators, the capture
probability and the total number of captured DM particles, decreases, explaining the
weakening of the constraints compared to the upper limit obtained from a contact
interaction approximation. From Fig. 6, it is clear that even in the absence of any
repulsive self-interactions among the DM particles the astrophysical upper limits on
DM-nucleon scattering cross section weaken appreciably with lighter mediators. For
mediators lighter than 5 MeV, the total number of captured DM particles is not suf-
ficient to form a black hole, as shown in Fig. 7. Hence, such astrophysical constraints
are completely washed out.
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Note that if the newly formed black hole evaporates via Hawking radiation faster
than it accretes mass, the host neutron star can still survive. As a consequence, the
constraints obtained from gravitational collapse can be alleviated [41, 42, 47, 52]. The
mass accretion rate of the newly formed black hole is given by
dMacc
dt
=
4piλρNSG
2
NM
2
BH
c3s
, (3.9)
where λ = 0.25, cs = 0.17c is the speed of sound inside the neutron star, GN denotes
gravitational constant, and MBH is the mass of the newly formed black hole [47].
In all previous treatments, the relevant Hawking evaporation rate is calculated by
treating the newly formed black hole as a blackbody. This is, of course, an approxima-
tion. The spectrum of the emitted particles due to Hawking radiation is not exactly a
blackbody spectrum, but rather follows [96–100]
d2N
dEdt
=
1
2pi~
Γs(E,MBH)
exp [E/TBH]− (−1)2s , (3.10)
where s is the spin of emitted particle, E is the energy of the emitted particle and
TBH denotes the temperature of the black hole. Γs(E,MBH) denotes the dimensionless
absorption probability, usually called the grey-body factor [98]. Therefore, the mass
loss rate via Hawking evaporation, obtained by summing over all emitted species, is
given by [99, 101]
dM10
dt
= −5.34× 10−5 f(M)
M210
, (3.11)
where M10 = MBH/ (10
10 g) and f(M) measures the number of emitted particle species.
Summing over contributions from all SM particles, f(M) corresponds to 15.35 [101].
As a consequence, the correct Hawking evaporation rate of the newly formed black
hole simplifies to
dMevap
dt
= − ~ c
4
74piG2NM
2
BH
. (3.12)
Constraints on DM-nucleon cross section get alleviated when the Hawking evap-
oration rate exceeds the mass accretion rate, i.e., if dMacc/dt ≥ dMevap/dt. For a
relatively cold neutron star, PSR J0437-4715, with core temperature of 2.1 × 106 K,
we estimate that such astrophysical constraints on DM-nucleon interaction strength
obtained from gravitational collapse vanish at mχ ≥ 3× 107 GeV for bosonic DM and
mχ ≥ 8 × 109 GeV for fermionic DM. Therefore, the constraints shown in Fig. 6 can
only extend up to 3× 107 GeV.
3.3 Effect of DM self-interactions on bounds on DM-nucleon interactions
For annihilating DM, constraints on DM-nucleon scattering cross section are simply
obtained by comparing the dark heating with the observed luminosity. The estimation
of dark heating solely depends on the total capture rate. In principle, self-interactions
among the DM particles can lead to an additional contribution to the total capture
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Figure 8: Upper limits on DM-nucleon scattering cross section of non-annihilating self-
repelling bosonic DM, obtained from non-observation of gravitational collapse of PSR
J0437-4715. In the left panel, a uniform energy loss distribution is assumed, and in the
right panel the DM-nucleon interaction is taken to be mediated via a Yukawa potential
with a mediator mass of 100 MeV. In each panel, different lines correspond to σχχ = 0,
σχχ = 10
−56 cm2, and σχχ = 10−52 cm2, respectively, from left to right. The values
of the DM self-interaction cross section shown in the plots, are not ruled out by the
Bullet Cluster observation [80]. The dashed grey line corresponds to the geometrical
saturation cross section, above which any cross section is essentially equivalent to
saturation cross section and therefore ruled out at same confidence. We restrict our
study to mχ < 10
6 GeV to ensure multiple scattering is not relevant. Constraints on
DM-nucleon scattering cross section weaken, and eventually washout, with increase of
the strength of repulsive self-interactions.
rate. However, due to the extremely large baryonic density in neutron stars, self-
interactions have an insignificant impact on the total capture rate. Therefore, the
upper limits shown in Fig. 4 remain unaltered even with the inclusion of maximally
allowed repulsive self-interactions among the DM particles.
For asymmetric DM, the inclusion of repulsive self-interactions among the DM
particles has a prominent impact on the corresponding upper limits on the DM-nucleon
scattering cross section. In neutron stars, self-interactions among the DM particles
do not enhance the capture rate but repulsive self-interactions among the dark matter
particles significantly enhance the Chandrasekhar limit, thereby, increasing the number
of DM particles required for black hole formation. For a repulsive self-interaction of
contact type, the Chandrasekhar limit for bosonic DM modifies to [47]
N chaχ =
2
pi
M2pl
m2χ
(
1 +
λ
32pi
M2pl
m2χ
)1/2
, (3.13)
where λ is the dimensionless self-interaction coupling among the DM particles which
is given by λ = (64piσχχ)
1/2mχ. Note that, the second term in the expression of N
cha
χ
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always dominates over unity for any reasonable value of DM self scattering cross section.
As a consequence, the corresponding constraints on DM-nucleon interaction strength
further weaken with inclusion of repulsive DM self-interactions [47, 48]. We show the
impact of repulsive DM self-interactions on the corresponding upper limits on DM-
nucleon scattering cross section in Fig. 8. From Fig. 8, it is evident that with increase
of the self-interaction strength, the Chandrasekhar limit significantly enhances and as
a consequence, the black hole formation criterion becomes stricter. This explains the
further weakening of the constraints. However, inclusion of attractive self-interactions
among bosonic DM particles (λ < 0) requires a different analysis involving bound state
formation, which is beyond the scope of this work. For fermionic DM, the impact of
attractive self-interactions among the DM particles on the DM-nucleon scattering cross
section have been extensively discussed in [50, 53].
3.4 Constraining DM self-interactions from gravitational collapse
Gravitational collapse of stars can also be used as an astrophysical probe of DM self-
interaction strength. If our particle physics model includes self-interactions, limited
only by observations such as that of the Bullet cluster, observation of a collapse event
gives information on σχχ.
As we discussed before, strong self-interactions make the black hole formation
criterion stricter, while its impact on the total capture rate is negligible. Therefore,
strong self-interactions among DM particles inhibits collapse. However, very feeble
self-interactions among the dark matter particles do not alter the Chandrasekhar limit
appreciably and collapse can occur. Thus observation of collapse rules out strong self-
interactions. In Fig. 9, the red or blue shaded regions correspond to parameter spaces
where the DM core in a neutron star can collapse, for σχn being σ
sat
χn or 10
−47 cm2,
respectively. We show these regimes for a uniform energy loss distribution. Evapora-
tion of the newly formed black hole faster than its mass accretion rate invalidates the
above-stated astrophysical constraints on DM self-interaction strength. This region is
shown by the green hatched region in Fig. 9. Assuming a blackbody spectrum, instead
of the correct Hawking spectrum we have used, leads to the hatched region under the
dashed green line, underestimating the efficacy of Hawking evaporation.
Even if we do not know σχn, a collapse observation will conservatively exclude
enormous swathes of parameter space in Fig. 9. The entire white unhatched unshaded
region is disfavored by the observed collapse of a star such as PSR J0437-4715, assuming
that we can separately constrain the accretion of gas etc. If on the other hand, the
value of σχn is known, one can obtain bounds from non-observation of collapse. For
illustration, if it is known that σχn = 10
−47 cm2, existence of PSR J0437-4715 rules out
the blue region that does not over lap with the hatched Hawking constraint.
The upper limits shown in Fig. 9 can also be understood qualitatively. The black
hole formation criterion is Nχ(tage) ≥ Max[N selfχ , N chaχ ]. The left hand side scales as
1/mχ and has no dependence on σχχ, whereas for heavier DM the right hand side
is dominated by the Chandrasekhar limit, which scales as ∼ σ1/4χχ /m5/2χ , so that the
constraint scales as σχχ ∼ m6χ. For lighter DM, N selfχ dominates over N chaχ on the right
hand side, and both N selfχ and Nχ(tage) are independent of σχχ, explaining the σχχ
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Figure 9: Constraints on DM self scattering cross section for non-annihilating bosonic
dark matter, obtained from a nearby old neutron star, PSR J0437-4715. The shaded
regions denote parameter space where the DM core can collapse; red region for σχn =
σsatχn = 2 × 10−45 cm2 and blue shaded region for σχn = 10−47 cm2. Hatched region
under the solid green line corresponds to the alleviation of the constraints due to
rapid Hawking evaporation of the newly formed black hole. Assuming a blackbody
spectrum, instead of the correct Hawking spectrum, leads to the hatched region under
the dashed green line. The exclusion limit from Bullet Cluster observation [80] is shown
in the grey shaded region at the top. The local DM density around the neutron star
is taken as 0.4 GeV/cm3 and all the other neutron star parameters are described in
the text. We restrict our study to mχ < 10
6 GeV to ensure multiple scattering is not
relevant. Observation of a collapse event would rule out all parameter space that is
white, unshaded and unhatched, without requiring knowledge of σχn if accretion of
non-dark matter is bounded otherwise. If σχn is known, the existence of the star rules
out the corresponding shaded but unhatched region.
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independence of the upper limit, i.e., the sharp vertical cutoff in Fig. 9. These two
regimes meet almost discontinuously at the corner of the red or blue shaded regions,
where N selfχ = N
cha
χ , identifying a minimum DM mass below which collapse cannot
occur for a chosen σχn and other fixed parameters. Note that, since the total number
of captured DM particles is proportional to the DM-nucleon scattering cross section,
lower values of DM-nucleon scattering cross section reduce the total number of captured
DM particles, and as a consequence, enfeeble the upper limits on DM self-interaction
strength as shown in Fig. 9.
4 Summary & Outlook
Dark matter capture in celestial objects is believed to be one of the most sensitive
astrophysical probes of interactions between the dark and visible sector. However,
all such previously obtained astrophysical constraints on DM-nucleon scattering cross
section depend crucially on the assumption of a uniform energy loss distribution. This
assumption of uniformity, tantamount to assuming an infinitely massive mediator,
does not always hold true and the constraints must be updated for lighter mediators,
self-interactions, and to better codify the effect of Hawking evaporation. Here we
summarize our main results:
• We pointed out that the assumption of uniformity in energy loss distribution
only holds true for isotropic differential cross section, which occurs only for an
infinitely massive mediator. For DM interactions via light mediators, the devia-
tion from uniformity becomes prominent and is shown in Fig. 2.
• We generalized the treatment of DM capture inside celestial objects for arbitrary
mediator masses, in Eqs. (2.10 – 2.13), and updated the existing and projected
astrophysical upper limits on DM-nucleon interaction strength.
• We found that for non-annihilating bosonic DM, the existing constraints obtained
from an old nearby neutron star, PSR J0437-4715, and for annihilating DM, the
projected constraints obtainable from a neutron star with surface temperature of
1950 K, depend firmly on mediator masses, weaken appreciably for lighter media-
tors, and are not generally superior to terrestrial detectors as shown in Fig. 4 and
Fig. 6, respectively. Such astrophysical constraints are completely washed out
for mediators lighter than 5 MeV for asymmetric DM, and for mediators lighter
than 0.25 MeV for annihilating DM as shown in Fig. 5 and Fig. 7, respectively.
• We showed in Fig. 8 that the constraints on DM-nucleon interaction strength
obtained from gravitational collapse further weaken with inclusion of repulsive
self-interactions among the DM particles. As repulsive DM self-interactions have
a significant impact on the black hole formation criterion, constraints can even
be completely washed out for strong enough repulsive self-interactions among the
DM particles. However, constraints obtained from dark heating remain unaltered
with the inclusion of DM self-interactions due to their insignificant contribution
to the total capture rate.
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• Gravitational collapse of captured DM particles acts as an astrophysical probe
of DM self scattering cross section. Self-interactions among the DM particles
have an insignificant impact on the total capture rate but repulsive DM self-
interactions have a significant impact on the black formation criterion. Strong
repulsive DM self-interactions can prevent the black hole formation inside a stellar
object. Black hole formation criterion can only be achieved with very feeble
repulsive DM self-interaction strength. Thereby, from collapse of a stellar object
the white region shown in Fig. 9 is ruled out. If σχn is known, then existence of
such stellar objects rule out shaded but unhatched regions therein.
• In all the previous treatments, the Hawking evaporation rate from the newly
formed black hole was calculated in a blackbody radiation approximation. This
is not completely correct. We correct the Hawking evaporation estimate, which
leads to a stronger alleviation of the constraints on DM self-interaction strength,
compared to what would be obtained using a blackbody approximation.
Although we have explicitly applied our generalized treatment to update the as-
trophysical constraints on DM-nucleon interaction strength, it can easily be translated
to update the existing constraints on leptophilic coupling of DM [90, 102, 103]. For
compact objects, due to their extremely large baryonic density, the contribution to
capture rate from self-capture is insignificant. However, for non-compact celestial ob-
jects, self-capture plays a pivotal role in the estimate of the total capture rate [82, 88].
Therefore, the generalized self-capture rate, which we have estimated in this work,
will be relevant in the context of such non-compact stellar objects. We have not at-
tempted to treat multiple scattering, light mediators, and self-capture within a single
framework; it can be relevant for mχ > 10
6 GeV and remains to be addressed.
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